The evolutionary relationships among Japanese pond frogs (Rana nigromaculata, R. porosa porosa, and R. p. brevipoda) were investigated by analyzing nucleotide sequences of mitochondrial cytochrome b (cyt b) and 12S rRNA genes. The nucleotide sequences of 444-bp segment of the cyt b gene and 410-bp segment of 12S rRNA gene were determined by the PCR-direct sequencing method using 18 frogs from 13 populations of Japanese pond frogs, and phylogenetic trees were constructed by the neighbor-joining and maximum likelihood methods using R. catesbeiana as an outgroup. The sequenced 444-bp segment of cyt b gene provided 69 variable sites, and the sequenced 410-bp segment of 12S rRNA gene provided 21 variable sites. The numbers of nucleotide substitutions per site of the cyt b gene within ingroup were 0.0022~0.0205 at the populational level, 0.0368~0.0462 at the racial or subspecific level, and 0.1038~0.1244 at the specific level, whereas those of the 12S rRNA gene were 0~0.0074 at the populational or subspecific level, and 0.0378~0.0456 at the specific level. Most nucleotide substitutions within ingroup occurred at the third codon position of the cyt b gene and were silent mutations. High frequencies of transitions relative to transversions were shown at cyt b and 12S rRNA genes within ingroup. The phylogenetic trees constructed from the nucleotide sequences of the cyt b gene showed that after outgroup R. catesbeiana separated from ingroup frogs, ingroup Japanese pond frogs diverged into R. nigromaculata and R. porosa, then the latter diverged into R. p. porosa, R. p. brevipoda (the typical Okayama race), and the Nagoya race of R. p. porosa. The phylogenetic trees constructed from the nucleotide sequences of the 12S rRNA gene also showed distinct divergence between two species, but not any divergence within species.
INTRODUCTION
Japanese pond frogs were divided into five races: nigromaculata common, Niigata intermediate, Tokyo intermediate, Nagoya brevipoda, and Okayama brevipoda, based on morphological characters as well as distributional differences (Moriya, 1954) . Of these five races, the nigromaculata common race is reproductively isolated from other four races by complete hybrid male sterility (Moriya, 1960a (Moriya, , 1960b . Based on these observations, Kawamura (1962) divided Japanese pond frogs into two species, Rana nigromaculata Hallowell and R. brevipoda Ito, the latter containing two subspecies, R. brevipoda brevipoda Ito and R. brevipoda porosa Cope. R. nigromaculata corresponds to the nigromaculata common race, R. b. brevipoda to the Okayama and Nagoya brevipoda races, and R. b. porosa to the Tokyo and Niigata intermediate races named by Moriya. While R. nigromaculata is widely distributed in three of the four main islands, Kyushu, Shikoku, and Honshu except the Kanto and Sendai plains, the Nagoya and Okayama races of R. b. brevipoda are found together with R. nigromaculata in the Tokai and Kinki districts of Honshu and along the shores of the eastern side of the Inland Sea, respectively (Fig. 1) . R. b. porosa occurs in the Kanto and Sendai plains and in most of the areas along the Shinano River (Fig. 1 ). Kawamura and Nishioka (1977) assumed that R. b. porosa is a population derived from R. b. brevipoda by introgression of genes from R. nigromaculata. Giving priority to Cope's (1868) name, the two subspecies of R. brevipoda are known as R. porosa porosa Cope and R. porosa brevipoda Ito (Matsui and Hikida, 1985) .
Mitochondrial DNAs (mtDNAs) of higher animals are closed circular duplex DNA molecules packed with genes for 13 mRNAs, two rRNAs and 22 tRNAs (Wolstenholme, 1992) . They are compact in organization, conserved in gene content, and range in size, among species, from 16,000 to 23,000 base pairs (Brown, 1983; Kessler and Avise, 1985; Moritz and Brown, 1986) . MtDNA evolves more rapidly than nuclear DNA, perhaps 5~10 times faster than typical single-copy nuclear DNA (Brown et al., 1979; Vawter and Brown, 1986) . Animal mtDNA is strictly maternally inherited (Kaneda et al., 1995) . Unlike the situation for nuclear DNA, the mtDNA mutations arising in different individuals are not recombined during sexual reproduction. Thus the mtDNA of higher animals is an ideal molecular system for matriarchal phylogenetic analysis among closely related species (Avise et al., 1987) . With the development of PCR, it has recently become routine to use gene sequences from DNA fragments in phylogenetic studies (Hedges et al., 1993; Hillis et al., 1996) .
Genetic relationships among Japanese pond frogs have been examined by electrophoretic analyses of enzymes and blood proteins (Sumida, 1980; Nishioka et al., 1981 Nishioka et al., , 1992 , but the evolutionary relationships have yet to be investigated by analyzing the nucleotide sequences of mtDNA genes.
In the present study, the mtDNA sequences of cytochrome b (cyt b) and 12S rRNA genes were investigated for the Japanese pond frog species in order to elucidate their phylogenetic relationships and compare them with those estimated from nuclear genes encoding enzymes and blood proteins.
MATERIALS AND METHODS
MtDNA sources. A total of 18 frogs belonging to R. nigromaculata, R. p. porosa, and R. p. brevipoda (Okayama and Nagoya races) were used (see Table 1 , Fig. 1 ). These frogs were screened from 34 frogs, of which mtDNA was (Maeda and Matsui, 1989) and the collecting stations of pond frogs used in the present study. preliminary analyzed by RFLP method, and covered all of mtDNA RFLP haplotypes. MtDNA was extracted from the livers or ovaries of each frog according to the method reported by Sumida (1997) , which was modified from that of Yonekawa et al. (1980) . The nucleotide sequence of R. catesbeiana reported by Yoneyama (1987) was used for an outgroup, but the additional 5'-upstream 99 bp of the cyt b gene of R. catesbeiana were determined by the present study.
PCR primers. Two pairs of PCR primers (F17 and RS02, and FS01 and R16) were designed to cover a 444-bp segment of the cyt b gene corresponding to sites in Xenopus laevis sequence (Roe et al., 1985) and a 410-bp segment of the 12S rRNA gene corresponding to sites 2816-3225 in R. catesbeiana sequence (Yoneyama, 1987) , respectively, according to the method of Kocher et al. (1989) . The primer sequences were F17 (5'-CCA TAC TTC TCC TAC AAA GAC-3'), R16 (5'-ATA GTG GGG TAT CTA ATC CCA GTT TGT TTT-3'), FS01 (5'-AAC GCT AAG ATG AAC CCT AAA AAG TTC T-3') and RS02 (5'-TTA TGC TCT ATA TAC ATA AG-3').
PCR and product detection. PCR mixtures were prepared with TaKaRa Taq TM Kit as recommended by the manufacturer (TaKaRa) in a final volume of 50 µl. The cyt b and the 12S rRNA genes were amplified by 30 cycles, each cycle consisting of denaturation for 1 min at 94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C. To detect PCR products, 3 µl of the reaction mixture was applied to a gel of 4% SeaKem ME agarose (FMC BioProduct) and was electrophoresed in the standard 1 × TAE buffer. The gel was stained with 0.1 µg/ml ethidium bromide for 20 min.
Direct sequencing. The PCR products were purified by MicroSpin TM S-300 HR Columns (Pharmacia Biotech). Purified DNA was sequenced by DyeDeoxy TM Terminator Cycle Sequencing method using 373A DNA Sequencing System Ver. 1.2 (ABI).
Phylogenetic analysis. Genetic relationships among haplotypes were estimated based on the pairwise matrix of sequence divergences calculated by Kimura's two-parameter method (Kimura, 1980) . Phylogenetic relationships were estimated by the neighbor-joining (NJ) method (Saitou and Nei, 1987) and maximum likelihood (ML) method (Felsenstein, 1981) , using the programs included in version 3.5c of PHYLIP (Felsenstein, 1993) . The nucleotide sequence of R. catesbeiana was used for an outgroup to construct phylogenetic trees. Using PHYLIP, bootstraps were tested with 1000 replications for the NJ tree and 500 replications for the ML tree to obtain approximate confidence on the trees. In the maximum likelihood analysis, a transition to transversion ratio was assumed to be 2.0.
RESULTS
Haplotypes of nucleotide sequences 1) Cytochrome b gene. Nucleotide sequences were determined in a 444-bp segment of the cyt b genes of Japanese pond frogs (Fig. 2) . Thirteen haplotypes were observed in 18 frogs: six (nigro 1~6) in R. nigromaculata, three (porosa 1~3) in R. p. porosa, one (bre. Okayama) in the Okayama race of R. p. brevipoda, and three (bre. Nagoya 1~3) in the Nagoya race of R. p. brevipoda (Table 1 ). The sequenced 444-bp segment provided 69 variable sites (four corresponding to the first codon position, and 65 to the third position) within the ingroup and 117 variable sites (17 corresponding to the first codon position, three to the second position, and 97 to the third position) between the ingroup and outgroup (Fig. 2) .
2) 12S rRNA gene. Nucleotide sequences were determined in a 410-bp segment of 12S rRNA gene of Japanese pond frogs (Fig. 3) . Eight haplotypes were observed in 18 frogs: three (nigro I~III) in R. nigromaculata, one (porosa) in R. p. porosa, one (bre. Okayama) in the Okayama race of R. p. brevipoda, and three (bre. Nagoya I~III) in the Nagoya race of R. p. brevipoda (Table 1 ). The sequenced 410-bp segment provided 57 variable sites including four gaps, but only 21 showed variation within the ingroup (Fig. 3) .
Sequence divergences among haplotypes 1) Cytochrome b gene. The numbers of nucleotide substitutions per site were 0.0022~0.0045 among three haplotypes of R. p. porosa from the Tsuchiura population, and 0.0045 between two haplotypes of the Nagoya race of R. p. brevipoda from the Tatsuta population, and there were one or two nucleotide substitutions within populations ( Table 2 ). The numbers of nucleotide substitutions per site were 0.0045~0.0205 among six haplotypes of R. nigromaculata from seven populations, 0.0045~0.0136 among three haplotypes of the Nagoya race of R. p. brevipoda from three populations, and there were two to nine nucleotide substitutions among populations ( Table 2 ). The numbers of nucleotide substitutions per site were 0.0368~0.0415 between the Nagoya and Okayama races of R. p. brevipoda, and there were 16 or 18 nucleotide substitutions between races ( Table 2 ). The numbers of nucleotide substitutions per site were 0.0368~0.0462 between R. p. porosa and R. p. brevipoda and there were 17~20 nucleotide substitutions between subspecies ( Table 2 ). The numbers of nucleotide substitutions per site were 0.10380
.1243 between R. nigromaculata and R. porosa, and there were 43~51 nucleotide substitutions between species (Table  2 ). The numbers of nucleotide substitutions per site were 0.2330~0.2588 between outgroup R. catesbeiana and ingroup Japanese pond frog species, and there were 87~95 nucleotide substitutions between the outgroup and ingroup (Table 2) . Almost all of the substitutions within species Table 1 . Dots indicate identity to the sequence of nigro 1. (Table 2) . Amino acid sequences were deduced from the nucleotide sequences of 444-bp segment of the cyt b genes by DNASIS Fig. 3 . Aligned sequences of a 410-bp segment of the mitochondrial 12S rRNA gene from eight haplotypes of the Japanese pond frogs and R. catesbeiana (cates) as an outgroup. The abbreviations of eight haplotypes are shown in Table 1 . Dots indicate identity to the sequence of nigro I. Dashes indicate gap sites introduced in the sequence to optimize the alignment. ( Fig. 4) . Although most nucleotide substitutions were situated at the third codon position and were silent mutations, three amino acid replacements occurred within Japanese pond frogs. The 95th amino acids of nigro 2 and bre. Okayama changed from alanine (Ala) to threonine (Thr), and the 143th amino acid of bre. Nagoya 3 changed from lysine (Lys) to glutamic acid (Glu). The 147th amino acids differed between two subspecies, R. p. brevipoda and R. p. porosa: valine (Val) in the former and isoleucine (Ile) in the latter and also in R. nigromaculata. Twelve amino acid replacements were found between the ingroup Japa- Table 1 . Dots indicate identity to the sequence of nigro 1. Asterisks indicate the stop codon.
nese pond frogs and outgroup R. catesbeiana.
2) 12S rRNA gene. The numbers of nucleotide substitutions per site were 0.0025~0.0074 among three haplotypes of R. nigromaculata, and 0~0.0049 among five haplotypes of R. porosa and there were one to three nucleotide substitutions within species (Table 3) . The numbers of nucleotide substitutions per site were 0.0378~0.0456 between R. nigromaculata and R. porosa, and there were 15~18 nucleotide substitutions between species (Table 3) . The numbers of nucleotide substitutions per site were 0.1123~ 0.1241 between ingroup Japanese pond frog species and outgroup R. catesbeiana, and there were 46~50 substitutions including gaps between ingroup and outgroup ( Table  3 ). The percentages of transitions were 82.4~94.4% between R. nigromaculata and R. porosa, and 58.7~62.0% between ingroup and outgroup (Table 3) .
Phylogenetic relationships among haplotypes 1) Cytochrome b gene. As shown in the tree obtained by the NJ method (Fig. 5A) , the outgroup R. catesbeiana separated from the ingroup frogs. The sister relationship of ingroup Japanese pond frog species was completely supported in 100% of 1000 bootstrap iterations. The ingroup showed two clusters. The first cluster, strongly supported in 99% of 1000 bootstrap iterations, contained R. p. porosa and the Okayama and Nagoya races of R. p. brevipoda. Three haplotypes of R. p. porosa formed a subcluster, completely supported in 100% of the bootstrap iterations, and separated from a subcluster of the two races of R. p. brevipoda, less strongly supported in only 61% of the bootstrap iterations. The other cluster contained six haplotypes of R. nigromaculata (43% of bootstrap iterations). The topology of the maximum likelihood tree (Fig.  5B ) was very similar to that of the NJ tree.
2) 12S rRNA gene. The tree constructed by the NJ method showed that the outgroup R. catesbeiana was clearly separated from the ingroup frogs (Fig. 6A) . The sister relationship of the ingroup R. nigromaculata and R. porosa was strongly supported in 99% of 1000 bootstrap iterations. In the ingroup, R. porosa formed a subcluster (46% of bootstrap iterations) and split from another subcluster of R. nigromaculata (95% of 1000 bootstrap iterations). In this 12S rRNA gene tree, the distinct intraspecific divergences could not be found within R. porosa. The tree constructed by the ML method (Fig. 6B) showed a topology similar to the NJ tree.
DISCUSSION
Several researches have recently reported on amphibians using mtDNA sequences to reconstruct intra-and interspecific phylogenies (Hedges et al., 1993; Garc ía-París et al., 1998; Moritz et al., 1992; Shaffer and McKnight, 1996; Tanaka et al., 1994 Tanaka et al., , 1996 , intergeneric phylogeny (Titus and Larson, 1995) , and interfamily phylogenies (Hay et al., 1995) . In general, the mitochondrial cyt b gene or the Dloop region sequences have proven more useful in resolving relationships among closely related taxa, whereas 12S or 16S rRNA gene sequences have been applied to examine the phylogenetic relationships among higher taxa such as genera or families.
The present study revealed that the numbers of nucleotide substitutions per site of the cyt b gene in Japanese pond frogs were 0.0022~0.0205 at the populational level, 0.0368~0.0462 at the racial or subspecific level, 0.10380 .1244 at the specific level, and 0.2330~0.2588 between ingroup and outgroup, whereas those of the 12S rRNA gene were 0~0.0074 at the populational, or subspecific level, 0.0378~0.0456 at the specific level, and 0.1210~0.1241 between ingroup and outgroup, although the sample size of each population was very small. These results imply that the rate of sequence change for the cyt b gene is two or three times greater than for the 12S rRNA gene at the specific level of Japanese pond frogs. Thus, it is evident that the cyt b gene sequences are adequate to resolve phylogenetic relationships among Japanese pond frogs, whereas 12S rRNA gene sequences are not informative at racial or subspecific level and should be used only at levels of taxa higher than species. Tanaka et al. (1994) reported the nucleotide sequence divergences in 251 bp of the cyt b gene of five Japanese brown frog species. Based on their data, the nucleotide sequence divergences between R. nigromaculata and R. porosa correspond to those between R. japonica and R. ornativentris or between R. ornativentris and R. pirica, whereas the nucleotide sequence divergences between R. p. porosa and R. p. brevipoda almost correspond to those between R. t. tagoi and R. sakuraii or among five populations of R. tagoi.
The phylogenetic relationships among Japanese pond frogs have been investigated by allozyme analysis using 47 populations of R. nigromaculata, 12 populations of R. b. brevipoda and 11 populations of R. b. porosa (Nishioka et al., 1992) . The phylogenetic relationships elucidated from genetic distances showed that after Japanese pond frogs diverged into two species, R. nigromaculata and R. porosa, the latter diverged into two subspecies, R. p. porosa and R. p. brevipoda, followed by a divergence into two local races, the Nagoya and Okayama races. The mean genetic distance between the two species was 0.546, that between sub- species was 0.189, and that between the two local races was 0.092. The two local races of R. p. brevipoda were characterized by alleles at the LDH-B locus: the Okayama race had allele c, whereas the Nagoya race had allele d (Nishioka et al., 1992) . These two races also differentiated in the sex-linked loci: the LDH-B, MPI and PEP-B loci on chromosome No. 4 were sex-linked in the Okayama race of R. p. brevipoda, whereas the ME-1 locus on chromosome No. 3 was sex-linked in the Nagoya race of R. p. brevipoda (Nishioka and Sumida, 1994) . The nucleotide sequence divergence of mtDNA between R. nigromaculata and R. p. brevipoda was roughly estimated to be 8.5% from the cleavage patterns of mtDNA digested with 10 restriction endonucleases (Sumida, 1997) . The distinct interspecific divergence between R. nigromaculata and R. porosa was also revealed by analyzing the nucleotide sequences of the cyt b and the 12S rRNA gene in the present study. The nucleotide divergences of the cyt b gene also revealed the intraspecific divergence within R. porosa. But the degree of nucleotide divergence between local races was not so different from that between subspecies, being different from allozyme analysis stated above.
The rate of mtDNA evolution was estimated to be 2~4% nucleotide sequence divergence per million years in primates (Brown et al., 1979; Brown, 1985) . Similarity between the primate calibration and rates estimated for other vertebrates has led to widespread assumption of a constant molecular clock in vertebrates Shields and Wilson, 1987; Irwin et al., 1991) , although slower rates of mtDNA evolution have been recently reported in poikilothermic vertebrates (Martin et al., 1992; Rand, 1994; Shaffer and McKnight, 1996) . Based on a conventional mtDNA clock calibration of 2~4% nucleotide sequence divergence per million years (Brown, 1985) , it is roughly supposed that R. nigromaculata and R. porosa diverged about three to five million years ago, and R. p. porosa and the two local races of R. p. brevipoda diverged about one to two million years ago. On the other hand, applying the equation of T = 5 × 10 6 D (Nei, 1975 (Nei, , 1987 , previous allozyme data suggest that the two species diverged about three million years ago, and the two subspecies diverged about one million years ago. The divergence times calculated from mtDNA sequence divergences almost correspond to those estimated from allozyme data. R. p. porosa is isolated from R. p. brevipoda by the geographic barriers such as the high mountains in the Izu-Hakone area. This isolation might be attributed to the upheaval caused by a collision between the central Honshu region and the ancient Izu Island about 0.5 million years ago (Matsuda, 1978) . The divergence times between two subspecies estimated from allozyme and mtDNA data roughly correspond to that assumed from the geological data.
According to Kawamura and Nishioka (1977) , it seems probable that R. p. porosa is a stabilized population in which the introgression of genes from R. nigromaculata has occurred since antiquity and reached such an extent that the population can not be distinguished from interspecific hybrids by outward appearance. Allozyme data showed that R. p. porosa has subspecies-specific alleles at the ADH-2, Alb and PEP-A loci (Nishioka et al., 1992) . The call structure of R. p. porosa differed from those of both R. p. brevipoda and R. nigromaculata (Ueda, 1994) . The present study also showed subspecies-specific divergence of R. p. porosa in the nucleotide sequences of the cyt b gene. There is some likelihood of introgression of nuclear genetic materials between R. nigromaculata and R. p. porosa through female hybrids and backcrosses at the outcome of long term hybridization (Nishioka et al., 1992; Sumida and Ishihara, 1997) . Further examinations will be necessary to clarify the relationships between these two species.
Although there were found to be a considerable number of nucleotide changes in the cyt b gene within Japanese pond frogs, only three amino acid changes occurred among 147 amino acid residues of 14 haplotypes. These changes were caused by base substitution at the first codon positions such as from GCC (Ala) to ACC (Thr), from AAG (Lys) to GAG (Glu), and from ATT (Ile) to GTT (Val). In the last change, codon ATT (Ile) was specific for R. nigromaculata and R. p. porosa, whereas codon GTT (Val) was specific for R. p. brevipoda. It is interesting that the same amino acid change occurred in both R. nigromaculata and R. p. porosa. These two species had the identical amino acid sequence of the mitochondrial cyhtochrome b (Fig. 4) . Tanaka et al. (1994) reported that within 251 bp of the cyt b gene of five brown frog species, 57 substitutions occurred at first and third positions of codons, and only one amino acid replacement occurred in the sequence of R. japonica.
The nucleotide substitutions in the mitochondrial cyt b and the 12S rRNA gene of Japanese pond frogs showed a relatively high frequency of transitions relative to transversions (Tables 2 and 3 ). The same phenomena were observed in the mitochondrial 12S and 16S rRNA genes of caecilians (Hedges et al., 1993) and in the mitochondrial cyt b gene of Japanese brown frogs (Tanaka et al., 1994) . These phenomena are interpreted as evidence that the data are not saturated with respect to multiple substitutions, because the percentages of transitions usually decrease to a plateau around 40~50% where multiple substitutions begin occurring at the same site (Brown et al., 1982; Hedges et al., 1991 Hedges et al., , 1993 . From these lines of evidence, it seems probable that the substitutions are not saturated among the ingroup of Japanese pond frog species, whereas those are almost saturated between the outgroup and ingroup.
